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1Graduate School of Medical Life Science, Yokohama City University, Yokohama, JapanABSTRACT One of the motive forces for F1-ATPase rotation is the conformational change of the catalytically active b subunit
due to closing and opening motions caused by ATP binding and hydrolysis, respectively. The closing motion is accomplished in
two steps: the hydrogen-bond network around ATP changes and then the entire structure changes via B-helix sliding, as shown
in our previous study. Here, we investigated the opening motion induced by ATP hydrolysis using all-atom free-energy simula-
tions, combining the nudged elastic band method and umbrella sampling molecular-dynamics simulations. Because hydrolysis
requires residues in the a subunit, the simulations were performed with the ab dimer. The results indicate that the large-scale
opening motion is also achieved by the B-helix sliding (in the reverse direction). However, the sliding mechanism is different from
that of ATP binding because sliding is triggered by separation of the hydrolysis products ADP and Pi. We also addressed several
important issues: 1), the timing of the product Pi release; 2), the unresolved half-closed b structure; and 3), the ADP release
mechanism. These issues are fundamental for motor function; thus, the rotational mechanism of the entire F1-ATPase is
also elucidated through this ab study. During the conformational change, conserved residues among the ATPase proteins
play important roles, suggesting that the obtained mechanism may be shared with other ATPase proteins. When combined
with our previous studies, these results provide a comprehensive view of the b-subunit conformational change that drives the
ATPase.INTRODUCTIONThe rotation of F1-ATPase, an ATP-driven rotary motor
enzyme, is performed by the catalytically active b subunits
(1–12). This rotation can be reversed via ATP synthesis/hy-
drolysis and is coupled to an electrochemical gradient for
diffusion across a membrane-embedded unit, Fo (Fig. 1 A)
(13). In the 3D structure of F1-ATPase, the a3b3 subunits
are arranged hexagonally around the central g-subunit stalk
(Fig. 1 B) (14). Because the b subunit changes its conforma-
tion during nucleotide perturbations (nucleotide binding/
release and ATP hydrolysis), most crystal structures show
the three b subunits in different states: two closed states
(bDP and bTP) and one open state (bE), which corresponds
to the catalytic dwell (15).
The scheme of the structural change of the b subunit asso-
ciated with the nucleotide changes has been elucidated by
single-molecule experiments using the bacterial F1-ATPase.
One step of the rotation is 120 (16), which can be further
decomposed into 40 and 80 substeps (Fig. 1 D) (17).
The 40 rotation after ATP hydrolysis (18) is supposedly
induced by the conformational change of the b subunit
(closed/ half-closed) caused by the ATP hydrolysis (19)
and the release of Pi from the bE subunit (20). In the ATP-
binding dwell state, the three b subunits in the F1-ATPaseSubmitted September 4, 2014, and accepted for publication November 10,
2014.
*Correspondence: ike@tsurumi.yokohama-cu.ac.jp
Editor: Hiroyuki Noji.
 2015 by the Biophysical Society
0006-3495/15/01/0085/13 $2.00complex take on closed, open, and half-closed conformation
states (19). The half-closed structure was previously
observed in a single-molecule experiment (19), but the
atomic-scale structure has not been determined. Next, the
subsequent 80 rotation is induced by ATP binding and
ADP release, which are accompanied by structural changes
(open / closed, and half-closed / open, respectively)
(19,21). Very recently, the rotation scheme of the human
F1-ATPase was identified. It is slightly different from those
of the bacterial F1-ATPase; one more rotation pause has
been identified before the catalytic dwell (three rotation
pauses in total). The Pi release occurs in the newly found
rotation pause, which is called as ‘‘the Pi dwell’’. This
means that one of the nucleotide events in the 40 substep
occurs in the Pi dwell separately. Nevertheless, in either
case (bacteria or human), the conformational changes of
the b subunit are the engine of the molecular motor.
The consumption of one molecule of ATP involves open-
ing and closing motions for the b subunit conformational
changes. The closing motion is induced by the ATP binding
in the phase during which g rotates from 0 to 80, as shown
in Fig. 1 C (19). This mechanism, which was determined in
our previous study, is accomplished in two steps: the
hydrogen-bond network around ATP changes and then the
entire structure changes via sliding of the B-helix (22). After
ATP hydrolysis, whose chemical reaction mechanism has
been elucidated by using the quantum mechanics/molecular
mechanics (QM/MM) method (23,24), the b subunithttp://dx.doi.org/10.1016/j.bpj.2014.11.1853
FIGURE 1 General information about F1-
ATPase. (A and B) Structure of the FoF1-ATPase
complex (A) and the cross-sectional arrangement
of the subunits in the F1 moiety (B), viewed from
the side of the C-terminal domains. This schematic
figure corresponds to the 200 rotation angle in C.
The list indicates abbreviations assigned to the
nucleotide states and the b subunit conformations,
which correspond to each other. In the crystal
structures of F1-ATPase, aPbP subunits have been
referred to as aEbE. However, in this paper, in or-
der to distinguish the Pi-bound form from the
empty state, we refer to the Pi-bound form as
aPbP. (C) Reaction scheme of the bacterial F1-
ATPase for the 360 rotation of the g subunit.
For convenience, nucleotide events are indicated
in only one ab subunit pair, which is colored
cyan. The Pi-retaining model is indicated in red,
and the model with immediate Pi release after hy-
drolysis is shown in gray after 200. (D) Reaction
scheme for the 120 rotation of the g subunit (this
angle corresponds to the phase between 200 and
320 in C). The figures inside the brackets indicate
each intermediate for the 40 and 80 substeps.
The large and small brackets indicate the Pi-retain-
ing and immediate-release models, respectively.
To see this figure in color, go online.
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320 (19), as shown in Fig. 1, C and D (cyan circles). Im-
portant issues regarding this opening motion remain to be
elucidated: 1), the timing for the product Pi release; 2),
the half-closed structure of the b subunit in atomic detail;
and 3), the mechanism of the ADP release. All of these is-
sues are crucial for elucidating the mechanism of motor
rotation. Hence, in this study, we investigated the opening
motion caused by ATP hydrolysis.
With respect to the first issue, it has been debated whether
Pi, which is produced by ATP hydrolysis, is released at the
rotation of g from 200 or 320 (Fig. 1, C and D), because
it is extremely difficult to obtain direct proof of the rapid
phosphate release. To overcome this difficulty, stochastic
estimation has been applied to a single-molecule experi-
ment. This experiment utilized the reversibility of ATP hy-
drolysis and demonstrated that Pi is released from the
aPbP interface after an additional 120
 rotation (at 320),
as shown in Fig. 1, C (red) and D (the scheme with the large
brackets) (20). Although this scheme is supported by a
recent theoretical study (25), we cannot completely rule
out an alternative hypothesis, namely, that Pi is released
from the aDPbDP catalytic site immediately after the ATP hy-
drolysis, as shown in Fig. 1, C (in gray at 200) and D (with
the small bracket) (26–30). This hypothesis is supported by
observations of the nucleotide occupancy of all three sites
during the catalytic dwell, because Pi is released immedi-
ately after hydrolysis, and the absence of Pi in the aEbE
site (the empty aEbE in the small bracket in Fig. 1 D) allows
a third nucleotide to bind there (21,31). It is important to
elucidate the timing of Pi release because the two scenariosBiophysical Journal 108(1) 85–97imply different mechanisms for generating the torque for the
40 rotation. In the case of Pi release at 320, the two
different sites can contribute to the rotational torque,
because ATP hydrolysis and Pi release occur at aDPbDP
and aPbP, respectively, as shown in the large bracket of the
40 substep in Fig. 1 D. In contrast, in the case of the imme-
diate Pi release (at 200), only the aDPbDP site contributes to
the torque because both the hydrolysis and Pi release occur
at the aDPbDP subunits (Fig. 1 D, the small bracket). To
assess these two possibilities, the quantitative stability of
the structural changes both with and without Pi must be
investigated, and the mechanistic reason for requiring the
presence or absence Pi to take advantage of the structural
change should be elucidated.
With regard to the second issue, although the existence
of the half-closed structure at the ATP binding dwell
(Fig. 1 D, 240) was previously identified by a single-
molecule experiment (19), the atomic-scale structure has
not yet been determined. A definitive half-closed structure
would provide a rational reason for why such an interme-
diate appears at the rotation pause (the ATP binding
dwell). Additionally, an evaluation of the relative energy
of the half-closed state with respect to the other open
and closed structures would give us insight into the ener-
getics of the opening pathway (e.g., downhill or uphill),
which ultimately provides the driving source for the rota-
tion after hydrolysis.
Finally, with respect to the third issue, although a single-
molecule experiment identified ADP release after formation
of the half-closed structure (rotation of g from 240 to 320
in Fig. 1 C) (21), how the structure of the nucleotide binding
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the formation of the half-closed state are barely understood.
The release of ADP with the opening motion is found not
only in the b subunit of F1-ATPase but also in a variety of
ATPase proteins. Therefore, elucidating the concerted func-
tions in the b subunit (the opening motion and the reduction
of the ADP binding affinity) may provide a clue as to their
exact relationship, which may be shared across the ATPase
family.
To examine these issues, we studied the structural transi-
tion pathway after ATP hydrolysis using a theoretical
method. Here, we used all-atom free-energy simulations.
We adopted a combination of the nudged elastic band
(NEB) method and umbrella sampling molecular-dynamics
(MD) simulations (32,33) using the DDRMSD reaction coor-
dinate (the difference in the root mean-square deviation
(RMSD) between the open and closed structures) (32–
35). The results show the behavior of the system during
the transition from the closed form to the open form, along
with the free-energy variations along the reaction coordi-
nate. The hydrolysis-induced structural change requires
residues in the a subunit (e.g., the arginine finger,
aArg373) (23,36,37). Hence, the simulations of the b open-
ing motion were performed with the inclusion of the a sub-
unit. The revealed conformational change of the ab dimer
addresses all of the issues listed above. Because these issues
are fundamental to motor function, the rotational mecha-
nisms of the entire F1-ATPase complex were also eluci-
dated by this ab study. Moreover, because strongly
conserved residues among the ATPase protein family,
such as the Walker A/B motifs and the P-loop, play impor-
tant roles during the conformational change, we suggest
that the obtained mechanism may be shared with other
ATPase proteins. When combined with our previous studies
on the b closing motion (22) and the hydrolysis reaction
(23,24), these results present a comprehensive view of the
atomic-level b-subunit conformational change that drives
the ATPase.MATERIALS AND METHODS
Outline of computational methods
To determine the timing of the Pi release, a pair of free-energy profiles for
the ADPþ Pi- and ADP-bound states is required. Therefore, we first gener-
ated two initial paths, one with ADP þ Pi and one with ADP, between the
open and closed states of the ab dimer using the NEB method (38,39) im-
plemented with CHARMM (40). The NEB method can be used to find a
minimum energy path between two given reference structures. Subse-
quently, each configuration along the path was subjected to umbrella sam-
pling (41), which involved MD simulations with restraints on the DDRMSD
order parameter. The DDRMSD reaction coordinate has previously provided
functionally important information, such as the side-chain conformational
changes that cause an overall structural transition (32–35). Next, the free-
energy surface along the DDRMSD order parameter was calculated from a
series of the umbrella sampling simulations using a weighted histogram
analysis method (WHAM) (42). The details of this procedure are described
in the following sections.Reference structures
In both the path with ADP þ Pi and the path with ADP, the aPbP (A and E
chain) and aDPbDP (C and D chain) dimers in the crystal structure (Protein
Data Bank (PDB) 2JDI) (43) were used for the two endpoints for the open
and closed states, respectively. In the 2JDI crystal structure, the aPbP pair is
in the nucleotide-free state, whereas the aDPbDP binds AMP-PNP, which rep-
resents a structure in the catalytic dwell, rather than the ADP-inhibited state.
Using the following procedures, we modeled the two endpoint structures in
the two paths for a total of four structures (aDPbDP with ADP þ Pi, aPbP
with ADP þ Pi, aDPbDP with ADP, and aPbP with ADP). First, to build the
closedaDPbDP structurewith ADPþ Pi after hydrolysis, the positions and ori-
entations of the ADP and Pi molecules were obtained from the product geom-
etry of a QM/MM study (23). To model the subsequent open aPbP subunits
binding ADP þ Pi, the coordinates of the only ADP in that modeled closed
aDPbDP structure were transplanted into the adenine-binding pocket of the
open aPbP structure, where the fit was carried out over the C-terminal domain
of the b subunit. A previous NMR study showed that mutant monomer b sub-
units can bind a nucleotide at the adenine-binding pocket even in the open
conformation (44); thus, this position of the bound ADP in the adenine pocket
in the open aPbP structure is plausible. Then, we used the position of Pi in the
open aPbP structure from a crystal structure reported in 2006 (45) because this
structure contains Pi in the b open subunit. For the reference structures in the
path with only ADP, the Pi molecule was simply removed from the modeled
aPbP and aDPbDP subunits of the ADP þ Pi state.
Regarding the protonation state of Pi, we adopted doubly protonated Pi
(H2PO4
), which is consistent with the product state in QM/MM studies
(22,24). On the other hand, a recent MD simulation indicated that a singly
protonated Pi (HPO4
2) is released from the aPbP subunit (25). However, in
that study, it was suggested that the migration of one proton from H2PO4

occurs after the ADP release (Fig. 1 D, middle), since when ADP (the ne-
gatively charged molecule) is released after the half-closed state, the
electrostatic environment of the nucleotide-binding site shifts to positive,
enabling the proton to be withdrawn. Therefore, for our main focus (to
explore the structural transition from hydrolysis to the half-closed state),
H2PO4
 is suitable.Initial path
Sixty-one initial structures, including the endpoint states, were generated
via linear interpolation between the open and closed reference structures
for each path (with ADP þ Pi and with ADP). This initial path was mini-
mized using the steepest descent (SD) method with 4,000 steps and the
replica path method with a spring constant of 500,000 kcal/mol/A˚2. Subse-
quently, NEB using the adopted basis Newton-Raphson (ABNR) minimiza-
tion with a force constant of 10,000 kcal/mol/A˚2 was performed for 5,000
steps until convergence occurred. These details regarding the NEB method
are taken from Arora et al. (32).Umbrella sampling simulations
The 61 initial structures along the ADPþ Pi pathway and the ADP pathway
were subjected to umbrella sampling MD simulations with the restraint wj
on the DDRMSD order parameter (34), wj ¼ KRMSDðDDRMSD  DDminÞ2,
where DDmin is the value around which DDRMSD is restrained, and KRMSD
is a force constraint. The DDRMSD order parameter is the difference in the
RMSD values of each intermediate structure from the reference open and
closed states. It is given by DDRMSD ¼ rmsdðXt;XopenÞ  rmsdðXt;XclosedÞ,
where Xt is the instantaneous structure during the simulation, and Xopen
and Xclosed are the two reference structures, i.e., the open aEbE and closed
aDPbDP dimers, respectively. DDRMSD has been successfully used as an or-
der parameter to characterize the transition pathways between two struc-
tures in various proteins and DNA (32–35). The advantage of using the
DDRMSD restraint is that intermediates on the transition path can simulta-
neously evolve away from both the open and closed structures (34). TheBiophysical Journal 108(1) 85–97
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range of ~9.5 A˚ (the DDRMSD value ranges from 4.7 to 4.7 A˚). The struc-
tures were separated by an interval of ~0.15 A˚ in the DDRMSD order param-
eter space. These 61 structures formed 61 windows for umbrella sampling
runs.
In each window, the structure was solvated in a box of water and neutral-
ized with counterions (Naþ and Cl). The total number of atoms was
137,164 for the ADP þ Pi-bound state and 137,743 for the ADP-bound
state. These atoms included 122,196 (ADPþ Pi) and 122,781 (ADP) atoms
for the water molecules and 222 (Naþ: 120 and Cl: 102, ADP þ Pi) and
223 (Naþ: 120 and Cl: 103, ADP) atoms for the counterions. The initial
distance between periodic images of the protein was 28.0 A˚. After minimi-
zation of the initial structure in each window for 6000 steps using SD, heat-
ing from 1 to 300 K was performed with harmonic constraints of 1.2 kcal/
mol on the nonhydrogen atoms of the solute (total of 14,746 (ADP þ Pi)
and 14,739 (ADP) atoms) under NVT ensemble conditions. The system
was then equilibrated for 100 ps with constraints of 1.0 kcal/mol on the non-
hydrogen atoms under an NPT ensemble (300 K and 1 atm) condition. Sub-
sequently, the RMSD force constraint, KRMSD, was gradually reduced from
7300 to 140 kcal/mol A˚2 over a period of 0.5 ns in the NVTMD simulation.
After equilibration, sampling simulations were performed. Initially, the
sampling simulations of each window for both the ADPþ Pi and ADP path-
ways were performed for 10 ns. In the ADP-bound pathway, the energy pro-
files of three phases (0–3.3 ns, 3.3–6.6 ns, and 6.6–10 ns) were converged.
However, in the ADP þ Pi-bound pathway, the energy profiles of three
phases were different. Therefore, the calculations of all the windows for
the ADP þ Pi-bound pathway were extended until 40 ns. In the last
10 ns (30–40 ns), the differences in the energy profiles for the three phases
were satisfactorily small, as shown by the error bars in Fig. 2 A. This means
that the only ADP pathway is not much different from the path found by the
NEB, whereas the ADP þ Pi pathway, which is fairly different from the
NEB path, is successfully obtained by the umbrella sampling simulations.
Accordingly, we used the last 10 ns of the trajectories for the data analysis
of the ADP þ Pi-bound pathway. The structures were simulated with a
weak 1D DDRMSD restraint of 140 kcal/mol A˚
2 on the heavy atoms of the
solute using NVT MD simulations.
After all sampling simulations, the biased distribution along the reaction
coordinate was checked. At several points of the DDRMSD reaction coordi-
nate, the distribution overlap between adjacent windows was insufficient
to explore the free-energy surface. Therefore, additional windows were ap-
pended. Those initial structures were generated via NEB using the neigh-
bors. Eventually, the number of windows reached 94 and 98 for theBiophysical Journal 108(1) 85–97ADPþ Pi- and ADP-bound pathways, respectively, and the total simulation
time for all windows combined was ~5 ms.
In addition to the 1D umbrella sampling simulations, we also conducted
2D umbrella sampling simulations to examine the positions of ADP during
the conformational transitions of the ab dimer subunits. We performed
these simulations by biasing the DDRMSD reaction coordinate and the inter-
atomic distance between ADP (O3a) and the P-loop (N of Gly-161). For a
2D array of 73 windows, structures spanning a region from DDRMSD¼1.4
to 0.2 were used from the trajectory of 1D umbrella sampling simulations.
The system size and the procedure of the equilibrium were the same as for
the 1D umbrella sampling simulations, as described above. The structures
were simulated with a DDRMSD restraint of 140 kcal/mol A˚
2 on the heavy
atoms of the solute and a harmonic distance restraint of 0.5 kcal/mol A˚2 be-
tween the O3a atom of ADP and the N atom of Gly-161. The sampling time
for each window was 50 ns. The total simulation time for the 2D umbrella
sampling was up to 3.7 ms.
All umbrella sampling simulations were conducted with the MD simula-
tion programMARBLE (46). MARBLE has been used in studies of various
biomolecules, such as AcrB (a multidrug exporter), aquaporin, Ca2þ-
ATPase, a DNA-binding protein (47–50), and a series of our F1-ATPase
studies. To obtain data comparable to the previous F1-ATPase data, we
used the same program. Also, in our previous study, we prepared the tool
set to perform free-energy simulations, which was convenient for us. The
simulations were carried out with CHARMM22/CMAP (51,52) for protein
and TIP3P (53) for water as force-field parameters. Electrostatic calcula-
tions were performed using the particle mesh Ewald method with periodic
boundary conditions (54). The Lennard-Jones potential was truncated at
10 A˚. In this study, the symplectic integrator for rigid bodies was used to
constrain the bond length and angles involving hydrogen atoms (46). A
2.0 fs time step was used.Free-energy calculation
The 1D potential of mean force (PMF) (55) along the DDRMSD reaction
coordinate was calculated using WHAM (42) from a set of 10 ns umbrella
sampling windows (ADPþ Pi: 30–40 ns; ADP: 1–10 ns). Before the compu-
tationally intensive 2D umbrella sampling simulations were performed, the
2D free-energy profile along local conformational changes (e.g., the
RMSD for a local structure, the distance between two atoms, and the dihedral
angle of residues) were obtained from the trajectories of the 1D umbrella
sampling simulations. The full 2D PMF was also calculated using WHAM.FIGURE 2 (A and B) Free-energy profiles asso-
ciated with the conformational transitions of the
ab dimer subunits after ATP hydrolysis. The 1D
energy profiles along the DDRMSD reaction coordi-
nate in the ADP þ Pi- and ADP-bound pathways,
respectively, are shown. The error bars represent
the standard error of the mean energy values deter-
mined from the 10 ns trajectory divided into three
phases. The DDRMSD value of the open (aPbP) and
closed forms (aDPbDP) in the 2JDI crystal structure
is 4.7 and 4.7, respectively. (C) The 2D land-
scape shows the changes of the probe angle along
with the DDRMSD reaction coordinate. The unit
of energy is kcal/mol. The half-closed structure
(20) is indicated by the magenta dotted line. (D
and E) The 2D landscapes between the RMSD
values from the half-closed structure of the PDB
1H8E crystal structure and the DDRMSD reaction
coordinate. Judging from C–E, the half-closed
structure is at approximately DDRMSD ¼ 0.6.
This structure position is marked in green in A.
To see this figure in color, go online.
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Timing of Pi release
After ATP hydrolysis, there are two possible nucleotide
states. One is that Pi is retained at the catalytic site and
released from the aPbP interface in Fig. 1, C (in red) and
D (the scheme with the large brackets), after an additional
120 rotation of the g subunit (at the 320). Alternatively,
immediately after ATP hydrolysis, Pi is released from the
aDPbDP interface at the 200
, as shown in Fig. 1, C (in
gray) and D (with the small bracket). To assess these two
possibilities, we calculated the structural changes with and
without Pi (ADPþ Pi/only ADP) in the b subunit and deter-
mined their quantitative stabilities.
The energy profiles indicate that Pi should be present in
the binding site for the spontaneous structural change
because there is no barrier between the open and closed
forms in the profile of the ADP þ Pi-bound state (Fig. 2
A). The results agree well with observation in the single-
molecule experiment of the reversibility of ATP hydrolysis
(20) and a recent theoretical study (25). By contrast, in the
profile of the structural change with only ADP, the open
and closed states are separated by an energy barrier of
~7 kcal/mol (Fig. 2 B). This means that when Pi escapes
immediately after ATP hydrolysis, the structure remains
closed. We interpret this as a result of ADP inhibition: dur-
ing the rotation of ATP hydrolysis, the motor stops at the
catalytic waiting dwell due to the inhibition of the product,
i.e., ADP (56–59), because the inhibited timing and the
nucleotide-binding state shown in the simulation results of
the state bound with only ADP are consistent with this
ADP inhibition. Moreover, an observation related to this
ADP inhibition, where adding Pi into inhibited F1-ATPase
reactivates the rotation (60), can be explained by the two en-
ergy profiles. Upon addition of Pi, the free-energy landscape
shifts from the only-ADP-bound state to the ADP þ Pi-
bound state, so that the inhibited closed b subunit regains
the ability to become the open form, resulting in the restart
of the motor rotation. The consistency with experimental re-
sults (the 320 timing of the Pi release (20) and the ADP in-
hibition (56–60)) indicates that the energy profiles obtained
for the two different binding states are reasonable.The half-closed structure
The section above clarifies that for continual motor rotation
(without entering the inhibition state), the b subunit must
retain Pi in the binding site after ATP hydrolysis; thus, the
structural details of the transition pathway are discussed
only for the ADP þ Pi-bound state hereafter.
For this pathway, we determined whether the half-closed
structure is obtained during the transition from the closed
form (aDPbDP) to the open form (aPbP) because it was found
at the ATP binding dwell (Fig. 1 D) in the single-molecule
experiment (19). In this experiment, to reveal the b subunitconformation, the dipole orientations of a fluorophore intro-
duced into helix 6 (residues from E464 to D471) of the b
subunit were monitored. The orientations of the fluorophore
were projected onto the N-terminal plane, which passes
through the center-of-mass coordinates of the N-terminal
domain in the three b subunits. The projected angles, 0,
20, and 45, correspond to the open, half-closed, and closed
structures, respectively (19). To compare the simulation re-
sults with the experimentally measured angles of the probe,
we projected the orientations of helix 6 (the line connecting
its Cb atoms) of the simulated structures onto the same
N-terminal plane. The projection plane was calculated using
the superimposition of the whole structure of 2JDI onto the
simulated trajectory (the fit was performed over the N-ter-
minal domain of the ab dimer subunits) because the simu-
lation was performed with only the ab dimer. The 20
angle corresponding to the half-closed structure is observed
at DDRMSD ¼0.6 (Fig. 2 C), which is the global minimum
of the energy surface (Fig. 2 A). The F1-ATPase rotation is
paused at the half-closed state (the ATP binding dwell)
(16,17,19); thus, it is reasonable that the half-closed struc-
ture appears at the global minimum in the energy profile.
To further validate the obtained structure at DDRMSD ¼
0.6 (the global minimum), we compared the simulated
structures with the 1H8E crystal structure (61). The 1H8E
structure of the a3b3g complex is not supposed to represent
the intermediate along the reaction pathway because its
half-closed form is found in the position of the bE subunit,
and the other two b subunits bind a nucleotide and adopt
the closed form (the other two should be the open and closed
forms at the ATP binding dwell, as illustrated in Fig. 1 D).
Due to these differences, the position of the half-closed
ab in 1H8E inevitably also differs with respect to the g
axis from that of the ATP binding dwell. Nonetheless,
only the part of the half-closed ab dimer that has thus far
only been found in the 1H8E structure is a good indicator
for comparing the open-closed bending angle of the b sub-
unit and the ab relative subunit arrangement (the interface
configuration). Therefore, the Ca RMSD values between
the simulated structure and the half-closed form in 1H8E
were calculated for both the b subunit and the ab dimer sub-
units. At DDRMSD ¼ 0.6, both the RMSD values are under
2.0 A˚ (Fig. 2, D and E), meaning that the structure obtained
at DDRMSD ¼ 0.6 is similar to the half-closed form of
1H8E in terms of the opening angle of the b subunit and
the relative arrangement of the ab subunit. Consequently,
the data (the helix 6 angle and the RMSD values) indicate
that the half-closed structure is successfully obtained at
DDRMSD ¼ 0.6 on the pathway of the structural transition.Atomic characteristics of the half-closed
structure
Next, we report details of the obtained half-closed structure.
Although the half-closed structure was detected in theBiophysical Journal 108(1) 85–97
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not been determined. Here, we investigated the portions that
are essential for the structural change (44,62). The experi-
mental results and the comparison between the open and
closed b subunits in the crystal structure indicate that the
following local structural changes should occur after hydro-
lysis: flipping of the main-chain dihedral angle in the hinge
region (H177 and G178), opening of the b3/7 sheet, and
switching of the hydrogen bond of the Walker A/B motifs.
In the conformational change in the Walker A/B motif, the
Walker B residue (D256) changes the hydrogen bond from
one of theWalker A residues (T163) to the other one (K162).
Fig. 3, A and B, show the values of the backbone dihedral
angles, j and f, of the hinge residues, H177 and G178,
respectively. The main chain of the hinge in the half-closed
structure (at DDRMSD ¼ 0.6) is already flipped from the
conformation found in the closed form and shows the
same values as in the open form. The conformation is shown
in Fig. 3 C. However, the opening of the b3/7 sheet and the
switching of the hydrogen bond in the Walker A and B mo-
tifs are not completed in the half-closed state (DDRMSD¼
0.6), as shown by the RMSD values in Fig. 3, D and E.
Specifically, D256 has already lost the hydrogen bond
with T163, but has not yet formed the new hydrogen bond
with K162 (Fig. 3, C and F). The completion of the struc-
tural change of the b3/7 sheet and theWalker A/B motifs oc-
curs at approximately DDRMSD¼ 1.0 (Fig. 3, D–F).FIGURE 3 (A, B, D, and E) 2D energy maps indicate the local conformationa
subunits after hydrolysis (horizontal) in the ADP þ Pi-bound pathway. The unit
and Gly-178 (the hinge residues), respectively. The dihedral angles of the open, h
are indicated in each graph. (D and E) RMSD changes for the b3/7 sheets and th
obtained over the N-terminal domain. (C and F) Structures at DDRMSD ¼ 0.0,0
in pink, green, and orange, respectively. This local structure is the same part as
online.
Biophysical Journal 108(1) 85–97Consequently, the half-closed structure can be summarized
as follows: the hinge adopts the conformation found in the
open form, but the b3/7 sheet and the Walker A/B motifs
do not reach the conformation found in the open structure.
The reason for the incompleteness of the structural change
of the b3/7 sheet and the Walker A/B motifs in the half-
closed structure is described in the following sections.Conformational change mechanism for the
opening motion
Our previous study elucidated the mechanism of the closing
motion caused by ATP binding (22), where the large move-
ment of the C-terminal domain corresponding to the overall
structural change was achieved by the B-helix displacement.
To investigate whether the mechanism of the opening mo-
tion due to ATP hydrolysis is the same as that found in
the previous study, we monitored the displacement of the
B-helix along the DDRMSD reaction coordinate. The result-
ing RMSD value of the B-helix is gradually changed along
the reaction coordinate (Fig. 4 A). Together with the alter-
ation of the probe angle along the reaction coordinate
(Fig. 2 C), which can be used as an indicator of the change
of the entire structure, the large-scale conformational
change after ATP hydrolysis is also induced by the B-helix
movement. Fig. 4 B shows more clearly that the B-helix
displacement relative to the upper portion leads to openingl changes (vertical) associated with the structural transition of the ab dimer
of energy is kcal/mol. (A and B) Changes in the dihedral angles of His-177
alf-closed, and closed forms in the crystal structures (PDB 2JDI and 1H8E)
e Walker A and B motifs, respectively. The best fit for the RMSD values is
.6, and 1.0 (marked in A); these structures are superimposed and depicted
the green rectangle region of Fig. 4, B and D. To see this figure in color, go
FIGURE 4 (A–D) Local structural changes in
the ADP-binding region (the P-loop, the B-helix
(residues 155–175), and ADP). (A) The 2D land-
scape shows the RMSD changes of the ADP-bind-
ing region, along with the DDRMSD reaction
coordinate for the ADP þ Pi-bound pathway. The
unit of energy is kcal/mol. The best fit for the
RMSD values is obtained over the N-terminal
domain. (B) Structures at DDRMSD ¼ 4.0 A˚ and
0.0 A˚, corresponding to the closed form and an in-
termediate structure along the path to the half-
closed form, are superimposed and depicted in
cyan and magenta, respectively, where the fit is
performed over the N-terminal domain. The dark-
and light-colored portions exhibit a small structural
change (i.e., residues 9–123 and 178–306) and a
large change (i.e., residues 124–177 and 307–
474), respectively. The B-helix moving regions
are divided by the black line from the structure por-
tions that exhibit little change (depicted with the
dark color). The nucleotide-binding site is indi-
cated by a green rectangular box. (C) The same
RMSD value as in A. The best fit is obtained
over Pi and its binding residues (E188 and
R189). Because R189 and E188 contact Pi in the
b subunit at a distance less than 3.5 A˚ (direct inter-
action) and 5.5 A˚ (indirect interaction, such as via a
water molecule) for more than 85% of the sam-
pling windows, as shown in E, E188 and R189
are regarded as the Pi-binding residues. (D) The
green rectangular box in B is enlarged. (E) The dis-
tances between Pi and its binding residues (E188
and R189), and the distance between ADP and
the P-loop, along with DDRMSD, are shown in the
gray and white graphs, respectively. The ADP–P-
loop distance is measured as the centroid distance
between the phosphate groups of ADP and residues
156–164. The dots indicate the average distances
in each window. The upper portions colored in
dark are shown on gray background. To see this
figure in color, go online.
F1-ATPase Structure Change by Hydrolysis 91of the closed form. In a recent free-energy simulation (63)
that used the b subunit without a substrate and a different re-
action coordinate, a B-helix movement involving a large-
scale conformational change was observed.
The opening motion induced by the B-helix slide is de-
composed further into two steps, closed / half-closed
and half-closed/ open, because the half-closed state ap-
pears at the global energy minimum (Fig. 2 A). In the
following sections, the two steps are analyzed separately.
Their mechanisms are summarized in Fig. 7.Closed/ half-closed
The B-helix movement that induces the large structural
change is in fact derived from the separation between the
hydrolysis products, ADP and Pi. The ADP is bound
directly to the P-loop, which is located beside the B-helix
in the lower portion, as shown in Fig. 4 D. In contrast, Pi
is bound to the upper (dark) portion (Fig. 4 D). Thedisplacement of the ADP-binding region (ADP, the P-
loop, and the B-helix) relative to the Pi-binding region (Pi
and the Pi-binding residues) is shown using the RMSD value
in Fig. 4 C. R189 and E188 are the Pi-binding residues of the
b subunit because they continually contact Pi during the
conformational change (the details of the thresholds for
the selection of these residues are described in Figs. 4, S1,
and S2). The RMSD value gradually changes along the re-
action coordinate, suggesting that after hydrolysis, the
ADP- and Pi-binding regions move away from each other.
Moreover, this RMSD value changes simultaneously with
the RMSD value relative to N-terminal domain (Fig. 4 A),
indicating that the separation between Pi and ADP makes
the adjacent B-helix slide relative to the upper potion. In
short, the B-helix displacement corresponding to the entire
opening motion is attributed to the separation between the
ADP- and Pi-binding regions (see Fig. 7, [C0/HC]).
With the sliding of the B-helix due to the separation be-
tween ADP and Pi, K162 (Walker A), which plays crucialBiophysical Journal 108(1) 85–97
92 Ito and Ikeguchiroles throughout the conformational change, forms a
hydrogen bond with Pi rather than with ADP (Figs. 5, A
and C, and S1; the graph for the K162-Pi distance). K162
resides in the P-loop of the lower portion (the second to
last residue of the common sequence: GXXXXGKT). How-
ever, the side chain of K162 is long enough to contact the Pi
that is bound to the upper portion, until the half-closed state
is reached (see Fig. 7, [C0/HC]). In the half-closed struc-
ture at the global minimum state, the side chain of K162 is
fully stretched, bringing the Pi–K162 interaction to the point
just before breaking (see Fig. 7, 240). The same detail is
found in the half-closed structure of 1H8E (61). This
K162 condition (K162 retaining Pi) explains the incom-
pleteness of the hydrogen bond formation of the Walker
A/B motifs in the half-closed form, as shown in the section
‘‘Atomic characteristics of the half-closed structure’’ (Fig. 3
E). The opening of the b3/7 sheet was also incomplete in the
half-closed state (Fig. 3 D), because the b3/7 sheet that is
located just beside the Walker A/B motifs, as shown in
Fig. 3 F, opens concomitantly with the conformational
change of the Walker A/B motifs. Conversely, the hinge is
already flipped in the half-closed structure, as shown in
Fig. 3, A–C.Half-closed/ open
The b subunit opens further after the formation of the half-
closed structure in the subsequent 80 substep, as shown in
Fig. 7, [HC/O0]. As shown in the free-energy profile in
Fig. 2 A, the half-closed structure appears at the global min-
imum state. To evolve from this stable half-closed state, the
structural change from half-closed to the open state must be
coupled to the neighboring conformational change, i.e., the
closing motion (bE/ bT) due to the ATP binding (Fig. 1
D), which is energetically downhill (22). This is consistent
with the fact that the F1-ATPase rotation pauses in the
half-closed state until ATP binds to the neighboring subunit
(16,17,19). When ATP binds to the neighboring aEbE inter-
face at the ATP binding dwell, an external perturbation (i.e.,
the inward aEbE motion and its induced g axis rotation)FIGURE 5 (A and B) 2D landscapes indicate the distance changes between K
along the DDRMSD reaction coordinate in the ADP þ Pi-bound pathway. The un
Figs. 2, B and D, and 3, C and F. To see this figure in color, go online.
Biophysical Journal 108(1) 85–97makes the half-closed structure slightly more open, meaning
that the structure evolves from the global minimum. This
further opening motion breaks the Pi–K162 hydrogen
bond, which was already stretched to its limit in the half-
closed state (Fig. 5, A and C). With the loss of its
hydrogen-bonding partner, K162 eventually replaces Pi
with D256 (Walker B) (Fig. 5, B and C). (Although K162
does not interact with Pi anymore, the Pi is bound by the
E188 and R189 located in the upper portion (Figs. S1 and
S2), and is mostly located at a distance of ~6 A˚ from
K162, as shown in Fig. 5 A. Therefore, it is still inside
the nucleotide-binding cavity, as illustrated in Fig. 7,
[HC/O0].)
During the structural change from the half-closed to the
open state, ADP is released, as shown in Fig. 1 C (from
240 to 320 in the rotation angle of the g subunit) and
Fig. 1 D (the 80 substep) (21,64). Unexpectedly, even in
the 40 ns time length for each sampling window, we observed
a consistent result in our simulation: the ADP escapes from
the binding pocket in some running windows during the
phase of DDRMSD < 0.6 (forms that are more open than
the half-closed structure). To investigate the ADP release
more clearly, we added one more dimension, the ADP-P-
loop distance, to the umbrella sampling simulations and
examined the positions of the ADP at the atomic level during
the conformational transitions of the ab dimer subunit.
Fig. 6 A shows the full 2D PMF. The color map indicates
that in the phase of DDRMSD > 0.6 (the forms that are
more closed than the half-closed structure), the area for
the short distance between the ADP and the P-loop shows
a lower energy state, meaning that ADP tends to stay on
the P-loop. In contrast, in DDRMSD < 0.6 (forms that are
more open than the half-closed structure), the lower-energy
regions are spread over a wider range of distance values,
indicating that ADP is easily released from the binding
site. In addition to this ADP release, Fig. 6, B and C,
show switching of the hydrogen bonds of K162 at the
half-closed state (DDRMSD ¼ 0.6). This switching was
previously found in the 1D umbrella sampling simulations
(Fig. 5, A–C) and is involved in the structural change from162 (Nz) and Pi (P) and between K162 (Nz) and D256 (Cg), respectively,
it of energy is kcal/mol. (C) The local structure shown is the same part as in
FIGURE 6 (A) The full 2D PMF. The first and second dimensions are the DDRMSD value and the distance between ADP and the P-loop, respectively. (B, C,
E, and F) The 2D landscapes between the DDRMSD reaction coordinate (horizontal axis) and the local conformational change (vertical axis): the distance
changes between K162 (Nz) and Pi (P), the distance between K162 (Nz) and D256 (Cg), the dihedral angle of the main chain of the P-loop (from 156 to 158),
and the side-chain dihedral angles c1 at K162. The half-closed state is indicated by the red dotted lines. The unit of energy is kcal/mol. (D) The local structure
shown is the same part as in Figs. 3, C and F, 4 D, and 5 C. To see this figure in color, go online.
F1-ATPase Structure Change by Hydrolysis 93the stable half-closed state. These data indicate that the local
change at K162 also somehow leads to the ADP release.
By further analyzing this ADP release, we found that it is
achieved by many concerted structural rearrangements
around K162. First, the establishment of the K162–D256
bond (Fig. 6, B and C) rotates the K162 side chain from
the orientation for binding to Pi to the one for binding to
D256 (Fig. 6, D and F). This K162 rotation induces a P-
loop conformation change (Fig. 6, D and E) because it re-
sides on the P-loop. At the end of the cascade, the conforma-
tional change of the P-loop, which binds the ADP directly,
necessarily decreases the ADP binding affinity and eventu-
ally leads to ADP release (Fig. 7, [HC/O0]). Once ADP is
released after the formation of the half-closed structure, the
entire structure will become open spontaneously because,
without any ligand binding, the open form is generally
more stable than the closed. This drives the 80 substep rota-tion of the g axis in concert with the conformational change
induced by the ATP binding, as shown in Fig. 1 D.Comparison with the rotation scheme of the
human F1-ATPase
So far, our simulation results based on the bovine F1-ATPase
have been compared with experimental data from the ther-
mophilic Bacillus. Recently, Suzuki et al. (65) reported
the rotational scheme of the human mitochondrial F1-
ATPase, which is evolutionarily close to the bovine F1-
ATPase. Surprisingly, the angles of substeps in the human
F1-ATPase are slightly different from those of the bacterial
F1-ATPase, and there is another rotation pause between the
ATP binding and catalytic dwell. They insisted that most of
the crystal structures of the bovine F1-ATPase, which have
been thought to be the catalytic dwell from the rotationFIGURE 7 Schematic model for the structural
change after hydrolysis. The a and b subunits are
indicated by pink and green, respectively. To
conserve space, only a portion of the a subunit is
depicted. The figures inside the brackets indicate
each intermediate. The Pi-binding residues are
selected according to the threshold described in
Figs. S1 and S2. The abbreviations for the b-sub-
unit conformation are matched to the list in
Fig. 1 for the half-closed structure. The entire
structure will open spontaneously because without
any ligand binding, the open form is generally
more stable than the closed form. This drives the
80 substep rotation of the g axis in concert with
the conformational change induced by the ATP
binding, as shown in Fig. 1 D. To see this figure
in color, go online.
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rotation pause (Pi-releasing pause, Pi dwell). Even so, this
does not change the results presented here. First of all, the
catalytic dwell lies on the path between this Pi dwell (the
referenced structure) and the open state. In our previous
studies of the yeast F1-ATPase, the aDPbDP interface became
slightly loose after the Pi dwell. In our study, although the b
subunits at DDRMSD ¼ 2–3 in both paths are still closed
(Figs. 2 C and S3), the ab interface becomes looser (Fig
S4). Therefore, the structures at around DDRMSD ¼ 2–3
may be the catalytic dwell. In particular, the energy mini-
mum in the ADP pathway appears at DDRMSD¼ 2–3, which
strongly supports that idea. Consequently, our proposed
mechanism still works out for the new scheme of the human
F1-ATPase.DISCUSSION
One of the most prominent features in this work is that the
half-closed structure appears at the global minimum in the
structural transition pathway, which is simulated by refer-
encing only the open and closed structures. This implies
that during the ab structural change, the b open-closed
bending motion determines the ab interface open-closed
configuration, and vice versa. Additionally, the successful
obtainment of the half-closed structure in the simulation
conditions, where the simulated system does not include
the g subunit, suggests that the formation of aHCbHC
should be independent of the existence of the g subunit.
This notion is supported by the presence of aHCbHC in
the 1H8E crystal structure, where the g subunit orientation
is different from the ATP binding dwell (61). This ab self-
formation without the g subunit agrees well with our pro-
posed rotational mechanism, i.e., that the conformational
change of the a3b3 hexamer precedes the g axis rotation
(66–68).
The mechanism of the b-subunit conformational change
is completely elucidated by our series of studies (22,23).
The large-scale changes for both the closing and opening
motions are induced by the B-helix sliding. Because the
large-scale conformational change (open-closed) of the b
subunit rotates the central stalk (66,67,69,70), the rotational
torque can be attributed to this B-helix sliding. To ex-
perimentally test this hypothesis (i.e., whether the rotational
torque is derived from the B-helix), single-molecule exper-
iments involving the simultaneous observation of the B-he-
lix sliding and the rotation of the central stalk are currently
being conducted. Although both the opening and closing
motions are induced by the B-helix sliding, their mecha-
nisms are not simply reversed, because these slides are
driven by different nucleotide perturbations (ATP binding
and hydrolysis). During the closing motion caused by ATP
binding, the slide of the B-helix occurs to relieve the frustra-
tion induced by the binding of ATP in its binding site (22).
In contrast, this study shows that during the opening motion,Biophysical Journal 108(1) 85–97the B-helix sliding is triggered by the separation between
the hydrolysis products, ADP and Pi. The ADP-Pi sepa-
ration inducing the large-scale structural change via the
B-helix sliding is the mechanistic reason underlying the
requirement for the presence of both ADP and Pi to take
advantage of the structural change. Once the structure loses
Pi (i.e., one of the leading factors for the opening motion),
the structural transition has a 7 kcal/mol barrier and the
structure remains in the closed, ADP-inhibited form
(Fig. 2 B).
The structural change induced by the ADP-Pi separation
is preceded by the ATP hydrolysis reaction, that is, the
chemical cleavage of the g phosphate group, which is
exothermic by only 1.6 kcal/mol (23). This reaction energy
is too small to contribute to the motor function. However,
because the subsequent structural change induced by the
ADP-Pi separation is barrierless (Fig. 2 A), the ATP hy-
drolysis does not have to produce a large reaction energy.
Supposedly, the hydrolysis reaction serves to control the
rotational direction of the motor, thus avoiding any unpro-
ductive reverse rotations caused by severe thermal fluctua-
tions (23). Combined with this ATP hydrolysis reaction,
the ADP-Pi separation triggering the large outward motion
may be the mechanism that converts the chemical reaction
energy to the mechanical work. Moreover, this chemical-
mechanical conversion is simply performed by the hydroly-
sis products (ADP and Pi) and strongly conserved residues
(as shown in Fig. 7 [C0/HC]). Therefore, we assume that
it could apply to other ATPase proteins.
Although the ADP-Pi separation contributes to the open-
ing motion of the b subunit, after the formation of the
half-closed state, the ADP is released. Despite the direct
observation in the single-molecule experiment (21), how
the structure of the nucleotide-binding site changes upon
ADP release and why this change occurs after the half-
closed state were not well understood. Our study reveals
that the local structural change of K162 (i.e., K162 (Walker
A) switches its hydrogen bond from the product Pi to D256
(Walker B)) simultaneously induces both the opening mo-
tion from the half-closed to the open state and the ADP
release (Figs. 5, A–C, and 7), resulting in ADP release after
the formation of the half-closed state. The concerted func-
tion (i.e., the nucleotide release with the opening motion)
is found not only in the b subunit of the F1-ATPase but
also in a variety of the ATPase proteins. This common phe-
nomenon in the ATPase protein family might also be induced
by a conserved structural change because the local change of
K162 is accomplished independently by the strongly
conserved residues in the ATPase proteins, such as the hy-
drolysis products (ADP and Pi), the Walker A/B motifs,
and the P-loop, suggesting that the local change may also
be conserved among various ATPase proteins.
The other hydrolysis product, Pi, is released from the
aPbP interface with an additional 120
 rotation (at 320);
thus, the torque for the 40 rotation is induced by two sites,
F1-ATPase Structure Change by Hydrolysis 95aDPbDP and aPbP (as shown with the large brackets of the
40 substep in Fig. 1 D), rather than by only the aDPbDP
site (with the small bracket). There are two reasons for
this. First, the downhill energy profile from the hydrolysis
to the half-closed state in Fig. 2 A indicates that the opening
motion of the aDPbDP subunit can contribute to the rota-
tional torque. Second, when Pi is released from the aPbP
site, its interface becomes loose (25,71,72). This displace-
ment can also drive the rotation of the central stalk. These
concerted torque contributions from the aDPbDP and aPbP
sites are consistent with the observation in an intermediate
crystal structure of the 40 rotation (45), where the Pi
release alone only leads to a 16 rotation of the g axis and
is not enough to drive the whole 40 rotation.
The other function of this rotary motor is to synthesize
ATP. When the full 2D PMF (Fig. 6 A) is viewed from the
ATP synthesis direction, we get a different picture.
Although the b subunit is more open than the half-closed
structure, the ADP molecule can move over a wide area
around the P-loop (from near to far). However, once the b
subunit reaches the half-closed structure, both ADP and Pi
should be on the P-loop, because in the half-closed state
(DDRMSD ¼ 0.6), the lower value of the free energy ap-
pears only for short distances between the ADP-P-loop
and K162–Pi (Fig. 6, A and B). In the 1D free-energy profile
(Fig. 2 A), the half-closed structure appears at the global
minimum, meaning that the binding of ADP and Pi to the
b subunit makes the half-closed structure stable. In contrast,
the half-closed structure without substrates in the b subunit
is not the global energy minimum state (63). These contrast-
ing results indicate that the b subunit must bind both ADP
and Pi to remain stable in the half-closed state and change
its structure further toward ATP synthesis. The detailed
mechanism of the ADP binding process for ATP synthesis
should be the reverse of the ADP release in the hydrolysis,
as summarized in Fig. 7 (e.g., K162 switches its hydrogen
bond from D256 to Pi). After the structure passes through
the stable half-closed state, the closing motion in the synthe-
sis is energetically unfavorable (Fig. 2 A). Presumably, this
energetically unfavorable conformational change is enabled
by the steric interaction with the g axis rotation enforced by
the Fo portion, because during the structural change from
the half-closed to the closed state, the other two b subunits
(bE and bT) in the F1-ATPase complex hardly change their
conformations (Fig. 1 D, the backward 40 substep).
This reversibility is one of the major distinctive features
of F1-ATPase. The rotation of the central stalk is induced
by the cooperative conformational change of the ab trimer,
which is compensated for by energetically favorable/unfa-
vorable (downhill/uphill) structural changes. The energetic
compensation also works out in the reverse direction as
well, which allows the F1-ATPase to possess the revers-
ibility. Such a structural and energetic cooperativity among
subunits is a unique feature of F1-ATPase and does not exist
in other ATPase motors.Finally, although the mechanism is different, the same
conserved regions around K162 also induce the large-scale
closing motion in response to ATP binding, via the B-helix
slide (22). This allows us to propose a view of the conforma-
tional change shared across the ATPase proteins. Conceiv-
ably, depending on whether ATP binds or hydrolyzes, a
group of conserved residues in the ATPase proteins undergo
a specific pattern of structural change that displaces a neigh-
boring structure (such as the B-helix slide), leading the
entire structure to a different state to perform its functions.
Together with results from our previous studies (22,23),
the findings presented here provide a comprehensive view
of the b-subunit structural change that drives the ATPase.SUPPORTING MATERIAL
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